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Genetic variation causes or contributes to 
the pathophysiology of all neurologic disease. 
Recent technologic advances have enabled 
better understanding of how genes influence 
disease and opened the door to revolution-
ary improvements in diagnosis, prognostica-

tion, and treatment across medical disciplines. Although the 
importance of genetics in neurologic disease has been known 
for decades, the high cost of genetic analysis and limited abil-
ity to treat many neurologic disorders, once diagnosed, kept 
neurogenetics out of most clinical practices. Tremendous 
advances in DNA sequencing and the development of new 
tools to correct human gene mutations, however, have 
brought genetic analysis and gene therapy to the cutting edge 
of clinical neurology. These advances herald a new era of per-
sonalized medicine in pediatric and adult neurology. Here, I 
discuss these recent advances and how they are changing the 
way we practice neurology.

The human genome contains approximately 3 billion 
nucleotides, fewer than 2% of which form genes that encode 
proteins that are the building blocks of cells.1 The other 
approximately 98% of the human genome does not encode 
proteins and is thought to regulate expression of nearby genes. 
Variation in protein-coding genes and noncoding regulatory 
DNA can significantly modify disease risk, with some gene 
variants dramatically increasing risk and others reducing it. 
The combination of an individual’s coding and noncoding 
genomic variants define her or his risk for a given disease (eg, 
genetic penetrance and expressivity). Genetic disorders caused 
by single gene mutations with high penetrance are considered 
monogenic (eg, spinomuscular atrophy [SMA] or Rett syn-
drome), whereas diseases caused by mutations that must occur 
together across multiple genes are considered polygenic (eg, 
ischemic stroke or migraine).2 Monogenic diseases are subcate-
gorized into dominant or recessive depending on whether 1 or 
2 copies of a mutant gene must be present to cause disease. 

DNA Sequencing
The first human genome draft sequence took over a dozen 

labs, $3.0 billion, and more than a decade (1990-2001) to 

sequence.3 Now, an individual can have his or her entire 
genome sequenced commercially in a day for less than $1,000.4 
Although many advances have come together to enable this 
vast growth in DNA-sequencing potential, among the most 
important is the advent of next-generation sequencing (NGS).5 
Earlier methods sequenced 1 region of DNA at a time; NGS 
generates millions to billions of distinct sequences in parallel, 
exponentially increasing sequencing speed, accuracy, and ease 
of analysis. Indeed, individuals can now independently send 
cheek swabs or blood samples to commercial laboratories that 
will sequence their entire genomes for a fee, opening the door 
to using a person’s genome to guide diagnosis, prognosis, and 
management of their condition. 

Gene Editing
The wealth of knowledge generated by DNA sequencing 

advances has led to new insights into numerous diseases. 
However, until 5 years ago, genetic mutations that cause 
neurologic disease had been viewed as an immutable prob-
lem because gene editing technology was largely limited 
to research and difficult to scale clinically. Basic research in 
bacteria identified a primitive adaptive immune system that 
uses the Cas9 protein and clustered regulatory interspaced 
short palindromic repeat (CRISPR) sequences to guard against 
invading viruses. This system is remarkably flexible and can be 
engineered to edit nearly any genomic region, paving the way 
for researchers to adapt this system to edit the genome of 
human cells.6-8 Huge advances have been made in this young 
field of gene editing over the past 5 years to optimize efficiency 
for use in humans.9 There are now dozens of companies using 
CRISPR/Cas9 to develop new gene therapies, the first of which 
has just begun clinical trials in people with Leber’s congenital 
amaurosis.9

Gene Therapies
Once it has been determined how a genetic mutation 

leads to a disease pathophysiology, there are a number of 
tractable approaches for delivering gene therapy. The pri-
mary mission of gene therapy is to deliver genetic material 
to selectively replace, repair, or control the expression of 
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a mutant gene in the cell type(s) involved in the respective 
disease. This is a particularly difficult problem for neurology 
because of the vast heterogeneity of nervous system cell types 
as well as the difficulty of penetrating the blood-brain bar-
rier. The 2 major approaches for delivering gene therapy are 
nonviral and viral.10 Both approaches have had tremendous 
success, and multiple additional clinical trials are in progress 
(Table). Among the most promising nonviral gene therapy 
approaches, antisense oligonucleotides (ASOs) are short nucle-
otide sequences, chemically modified to enter cells without 
degradation.11 Chemical modification of ASOs is an active area 
of research and can dramatically affect bioavailability as well as 
provide tissue specificity, in some cases.12 Typically, ASOs are 
designed to target and degrade mutant RNA or to promote 
alternative splicing, the latter of which is exemplified by nusin-
ersen, approved by the Food and Drug Administration (FDA) 
to treat SMA. There is also great interest in using modified 
liposomes—artificial membrane-bound droplets—to deliver 
genetic material to cells after fusion with the cell membrane.13 
Viral-mediated gene therapy is particularly versatile because 
viruses can express full-length genes and are thus amenable for 
gene replacement. Viruses also have tropism for specific tissues 
and cell types that can be leveraged to develop more targeted 
therapies. Adeno-associated virus (AAV), already endemic in 
humans without known adverse effects, is the most common 
type of virus engineered for gene therapy.14 The AAV-based 
gene replacement therapy for a type of Leber’s congenital 
amaurosis was approved by the FDA in 2017, AAV-based 

onasemnogene gene replacement therapy was approved for 
SMA in 2019, and trials are underway for mucopolysaccharido-
sis, Batten’s disease, and multiple other genetic conditions.

Emerging Applications of DNA Sequencing
Sequencing DNA is already an important part of diagnostic 

workup in pediatric neurology for identifying known causal 
gene mutations (eg, MECP2 mutations in Rett syndrome) and 
for discovering novel disease-causing mutations.15 As more 
is learned about causal relationships between genotypes and 
clinical presentations, there is increasing interest in including 
NGS as part of newborn screening. A recent pilot effort using 
dried blood spots as samples has been largely successful,16 
raising important clinical and ethical questions about how to 
implement this technology responsibly in common practice. 
Phenylketonuria (PKU) demonstrates the clinical importance 
of early detection and intervention for certain metabolic dis-
orders, and as gene therapies improve, early gene replacement 
or correction will be equally important. There are justified 
concerns, however, that whole genome sequencing can lead to 
a slippery slope of genetic intervention for DNA variants with 
small contributions to disease risk but unknown benefits in the 
context of the individual’s genetic profile. Given the early stage 
of gene therapy, it is prudent to be cautious with this powerful 
intervention until the long-term risks are better understood.  

Adult neurology is also beginning to see the fruits of DNA 
sequencing. As in pediatric neurology, DNA sequencing is aid-
ing discovery and diagnosis of mutations that result in adult-
onset neurologic disease (eg, Charcot-Marie-Tooth disease, or 
cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy [CADASIL]). Additionally, 
NGS has also become an important way to identify novel 
viruses and microbes in cerebrospinal fluid (CSF) from indi-
viduals with subacute encephalitis.17 In some cases, the ability 
to rapidly sequence and interpret samples can have profound 
effects on clinical management. For example, in people who 
are septic, sequencing blood samples can rapidly identify the 
microbial source as well as potential antimicrobial resistance 
genes to guide appropriate treatment.18 In persons with glio-
mas, DNA analysis is being used for prognostication,19 and in 
the rapidly emerging field of oncogenomics, tumor genome 
sequences can be used to guide choice of chemotherapy. 
These sequencing methods are slowly moving from research 
laboratories and out-of-pocket fee-for-service commercial ser-
vices into more mainstream clinical practice (Figure).  

There is also exciting potential for the rapidly expanding 
pool of genomic information from the hundreds of thousands 
of people who have had their genomes analyzed. These data 
are being used to perform genome-wide association studies 
(GWAS) that link genomic variation with specific diseases.15 
Among the most promising is the GWAS for coronary artery 
disease (CAD), in which individuals’ sets of genomic variants 

TABLE . GENE THERAPY CLINICAL TRIALS

Disease Gene Method Administration

Spinal muscle  
atrophy

SMN1 AAV 
ASO

Intravenous,  
intrathecal

Duchenne muscular  
dystrophy

DMD AAV, 
ASO

Intravenous

Batten disease CLN2 AAV Intraparenchymal, 
intrathecal

Charcot–Marie–
Tooth disease

NTF3 AAV Intramuscular

Alzheimer’s disease APOE AAV Intracisternal

Parkinson’s Disease GDNF AAV Neurosurgical

Leber’s congenital  
amaurosis

RPE65, 
G11778A 
mito-
chondrial

AAV Intraocular

Retinitis pigmentosa USH2A ASO Intraocular

Huntington’s disease HTT ASO Intrathecal
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were used to accurately predict their risk for CAD.20 This 
approach identified that 8% of the population had a threefold 
higher risk than the other 92% and demonstrates that a simple 
genetic screening test could quickly identify which people 
need aggressive early intervention. Similar predictive success 
is observed for atrial fibrillation, type 2 diabetes, inflammatory 
bowel disease, and breast cancer.20 As additional genomes of 
carefully phenotyped patients are sequenced, the genome-
disease associations learned from GWAS can be extended to 
additional diseases and even used to identify more homog-
enous patient populations for clinical trials.

Applied Gene Therapy in Neurology
As discussed, advances in gene therapy have already reached 

neurology practice. The most notable is nusinersen for treat-
ment of SMA, a neuromuscular disease characterized by 
progressive muscle wasting, respiratory failure, and death. 
Basic research identified mutations in SMN1, which encodes  
survival of motor neuron protein 1, as the cause of SMA.21 A 
related gene discovered at the same time, SMN2 has overlap-
ping function with SMN1, but the messenger RNA (mRNA) 
produced is unstable and expressed at low levels in motor 
neurons. Stability of SMN2 mRNA can be improved with the 
ASO that directs RNA splicing machinery to include exon 7 of 
SMN2 to provide more stable mRNA and thus more SMN2 
protein.22,23 A limitation of nusinersen, however, is its admin-
istration requires quarterly intrathecal infusions. As a result, 

there has been a major push toward viral-based gene replace-
ment approaches that will function for years after a single 
dose, which has led to the recently FDA-approved AAV-9 
based gene replacement therapy for SMA.24 It should be noted 
that in the pivotal AAV gene-therapy study for SMA, systemic 
delivery of AAV significantly elevated liver enzymes in several 
patients. An additional limitation of AAV-based gene therapy 
is that up to a quarter of people already have neutralizing 
antibodies against AAV by adulthood, although this is much 
lower in the pediatric population.25 Despite these limitations, 
the tremendous success using AAV for gene replacement in 
SMA has prompted considerable interest in treating a host of 
other neurologic diseases including Rett syndrome, Duchenne 
muscular dystrophy, Charcot–Marie–Tooth disease, and more. 
Pediatric neurologists are beginning to see these advances in 
practice and there is great promise for adult neurologists on 
the horizon with clinical trials underway using gene therapy 
for Alzheimer’s disease, Parkinson’s disease, and antineutrophil 
cytophilic autoantibody (ANCA) vasculitis. 

Future Directions 
The future of gene-based diagnosis and treatment is extraor-

dinarily bright. As the cost of DNA sequencing continues to 
fall, it will greatly expand access to testing and facilitate the dis-
covery of rare disease-causing mutations that previously have 
been difficult to identify. As genomic information continues 
to grow, so too will the statistical power needed to accurately 
correlate genotype and risk for a disease. The lower cost of 
sequencing is likely to complement and, in some cases, replace 
current clinical laboratory studies for diagnosing infectious dis-
eases, cancer, and other disorders. As the era of gene therapy 
has arrived, there continues to be exciting progress in the 
development of organ and even cell-type-specific viral vectors 
that will only affect the intended tissues or cells. It is hoped this 
will dramatically reduce liver toxicity and other side effects of 
systemic virus delivery. Advances in single-cell genomics are 
enabling new insights into differences between brain cell types 
within an individual that should further catalyze more targeted 
therapeutics.26,27 Extraordinary advances are also being made 
in the specificity of CRISPR-based gene editing technologies, 
which are rapidly enabling the translation of this bacterial 
immune system from bacteria to bedside. 

Conclusions
It cannot be overstated how advances in DNA sequencing 

and gene editing have already and will continue to revolu-
tionize medicine. The successful application of these technolo-
gies to diagnose and now treat SMA and Leber’s congenital 
amaurosis are serving to accelerate similar progress on multiple 
other neurological and nonneurologic conditions. As DNA 
sequencing and gene therapies become more common in our 
practice and provide unprecedented treatments for previously Figure. Clinical Applications of Next-Generation DNA Sequencing.
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incurable diseases, it is important for us to remember that 
it was our curiosity about the bacterial immune system that 
built the tools for human gene editing, our curiosity about viral 
genetics that enabled AAV-based gene therapy, and our curios-
ity about RNA splicing that gave us nusinersen to treat SMA.  
We must continue to invest heavily in these basic sciences in 
order to build the treatments of tomorrow. n
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